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Abstract
Recent studies haye shown that the Lrse of improvemenT tech-
niclues on welds al lo--s an increase in the level of adtnissible
fatigue strength (even more than 100%). The aim of this stuth'v'as
to collect and validate literature data, create a data bcLse contain-
ing the joint characteristics and fatigue results, make a statistical
analysis oJ the data in order îo Etanti|l, the eflect of pttranteters
inJluencing the fat igue strength and propose new S-N curves
which are compared to those given in Eurocode 3. Four improt'e-
ment techniques (grinding, TIG dressing, hammer peening, shot
peening) and four joint types (bLrtt, T joints, crLrcilorm ond longi-
tudinal joints) were taken into accoLrnt. Joint thicknesses less than
25 mm loaded in air y:ith a stress ratio R between 0 and 0.1 w'ere
seLecfed. Three classes of y"ield srrength for the base metal yç,ere
considered. <100, 100 600, >600. ALL S-N cttrves were above
those of as-welded assemblies. The best resLtlts v,ere obtained
with hammer peening. The larger increase in the.fLttigue srrettgrh
due to the use of improvemefi rechniques w'as due to the occLrr-
rence of an initiation phase in addition to the crack propdgation
phase. During the init îat ion phase, the extension of e.r ist ing
crack-like defects is slo*-ed down or even stopped. The durotion
of this phase increases v,ith the total fatigLte lfe.
Keywords: Ftttigue strength; TIG remelting; Harnmers: Peetting:
Grinding; GTA welding: Stat ist ical  methods; Butt  
. io ints, '
Cruciform joints; T joints: Longitudinal v;elds; Crack initiation;
Improv e me nt t e c hni que.s
Résumé
Des études récentes ont montré que I'utilisation de techniques de
parachèvement des soudures permettent d'accroître ltt résistance
admissible à la fatigue (jttsqu'à plus de 1007o). Le bttt de cette
étude est de compiler et de valider les données de lo littératttre,
de créer tme base de données indiquant les caractéristique.s des
joints et leur résistance à la.fatigue, d'e.ffectuer ttne anaLy;^e sta-
tistique des données afin de quanirter I'influence cles paramètres
influnnt sur la résistance à Ia fatigue et de proposer de notryelles
courbes S N qui  sont comparées à ceLles spéci f iées dans
I'Eurocode 3. Qu(ûre techniques d'amélioration (meuLage, refu-
sion TIG, martelage et grenaillage) et quatre n-pes de joints (bouf
à bout, assemblages en T, assemblage en croir et ioints longitu-
dinaux) ont é1é pris en compte. Les épaisseurs considérées sont
inJérieures à 25 mm (soLlicitations à I'air ambiant) et le rapport
IIS/IIW-1301-95 (ex doc. XIII-1691-95) Class A recommended for publi-
cat ion by I IW Commission XII I  "Fat igue of  welded components and
structures" as the authors' own work-
I .  Huther and H.P. Lieurade are at  CETIM. France, R. Souissi ,  A.
Nussbaumer and B. Chabrolin are at CTICM. France and J.J. Janosch is at
IS. France.
de charge R est de 0 et 0,1. Trois classes de limites d'éLasticité ont
été consitlérées: <100, 100 600 et >600 MPa. Toutes les courbes
S-N étaient supér ieures à cel les des assemblages brut  de
.soudage. Les meilleurs résultats ont été obtenus par mafteLage.
L'augirnentation rle la résistance à Ia Jitigue sLtite à ces traite-
ments cl'anélioratiotl est due à I'apparition d'une phase d'initia-
tion des fissures, en plus de la phuse de propagation. Lors de la
phase d'initiation, I'extension des Jissures existantes esî freinée et
même stoppée. La durée de cette phase augmente avec la durée
de vie ft)flle en fatigue.
Mots clés: Résistance à la.fat igue; Refusion TIG; Marteau;
McLrtelage; Meulage: SoudtLge TIG; Méthodes statistiques; Joints
bottt à bout; Joints cruciformes; Assemblages en T; Soudures lon-
gitLdinale.s ; lniriation des Jissures ; Méthodes d' amélioration
1. Introduction
Recent studies show that the use of improvement techniques on
welds al lows an increase in the ievel of the admissible fat igue
strength (even of more than 1007o). The gain is particularly good
when these techniques are used with high tensile steel.
The utilization of research results in industry, to take advantage of
these techniques during design. requires the following:
- the specification of each improvement technique, defining
the operational and control practices.
- the modification of acrual design codes conceming the fatigue
of welded joints which do not take into account the improve-
ment techniques and the efficiency of high strength steels.
The target of this study is to collect the literature data and to pro-
vide a statistical analysis.
The study includes the lb l lou ing stepr:
- collection and validation ofliterature data
creation of a data base in the form of sheets containing the
joint  character ist ics and fat igue resul ts
statistical analysis of the data base to quantify the effect of
the parameters influencing the fatigue strength
- from the statistical analysis, proposal of new S-N curves.
2. Improvement techniques
The standard improvement techniques selected in this study are
the following:
- grinding of the weld toe to suppress defects and improve the
shape of the weld toe
- TIG dressing to eliminate weld toe defects and to increase
the weld toe radius
hammer peening on the weld toe to modify the local
geometry and introduce a compressive f ield of residual
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Butt joints (A)
T jo ints (C)
Cruciform joints (D)
Longitudinal non-load-carrying j oints (F)
Fig. 1. Types of joints
improvement technique and yield strength classes of the base
metai (Figs 2 and 4).
From histograms of m (Fig. 2), we observe that:
- the slope of the S-N cur-ves varies according to the improve-
ment technique for the same joint and according to the joint
type for a given improvement technique
- the difference between the slopes can be important for the
same type of joint according to the improvement technique
(e.g.  cruci form jo ints)  or  for  the same improvement
technique according to the joint type
- the slope varies for the same joint and the same improvement
technique when the yield strength varies (e.g. ground
cruciform joint).
Because of the scatter of results (differences due to plate thick-
nesses, welding process, and experimental conditions), we have
determined empirically the envelope cuwes superior and inferior
IMPROVED WELDED JOINTS
YS < 400 MPa mean curve
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Cruciform
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YS > 600 MPa mean curve
Bunjoint Cruciform Tjoint Longitudinal
ADCF
I Hammer peening E TIG dressing
n Crinding ElShot peening
Fig. 2. Values of m deduced from mean curves (linear regression log Ao -
log À/)
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IMPROVED WELDED JOINTS
Table 2. ImProvement results
spe nb 5i 5^, sRr (Aw) sÂr/s^r (Aw)YS Joint Techniques
10
1
15
57
195
102
193
178
7.r
2.0
90
< 400 Bûttjoint Hammer Peentng
TIG dressing
222
791
30
Cruciform
T joint
Hammer Peentng
TIG dressing
Shot peerung
TIG dressing
19
,1E
66
25
10
6
9
4
211
233
r96
164
l8
19
t6
t0
211
l) l
150
r21
2.09
126
1.+.1
12.1
2.9
1.8
2.0
1..'7
71
I I-90
11
26
l i5
210
97
103
206
95
1.6
3.2
1.5
5 16.+ 29
82268
1i
63-90
Longitudinal Grinding
Hammer Peentng
Shot Peening
2.390206215.11280Butt joint TIG dressrng 156400 <
< 600 25
154
195
273 182
162
155
2.3
2.21
6
1.1
58
71
Cruciform Grinding
TIG dressing
T jolnt TIG dressing
Shot peening
l4
30 -)+
4 2r3
9 278
I r+J
222
122
220
7 l-90 t .7
3.1
2.5
2.0
i .9
g 326 52 212 226
o r l .  +0 lb i  116
5 1.+8 l ' , l  122 l2l
90
' t l
63-90
99
33
18
Butt Jolnt
Crucitbrm
Longitudinal
Shot peentng
Shot peemng
Shot peening
> 600
Slope m fixed
Fig. 6. Values of m fixed for characteristic curves 1og Âo - Iog N and
cùesponding levels of Ào (So) determined for 2 x 106 cycles
- So <lesrgn stress range for 2 x 106 cycles lt is obtained by
sr
Sr = rvhere f.7, is a relevant safety fàctor determined to
1r
futfil tirËtrequired safety level (or safety index P)
- Sn, modified characteristrc value obtained by
- 
^{vr
Sor = Sr.ï,nzr = S, ""' . where Yur is the safety factor imposed
' ti"
I Ml
by Eurocode 3' while t'r,, has been determined by statistical
analysis of test results. In that way' So* is the final value that
may be adopted for the detail classification tables'
- S*, (AW) ls coresponding class (stress range for 2 x 106
cycles) Tor as-welded detail of Eurocode 3'
The statistical analysis is based on the assumption ol indepen-
dence between the sample mean and the sample standard devia-
tion, and on Ao (or N) being log-normal' It may then be shown
that the probability of any quantity m-k s (m sample mean' s sam-
ple stanàard deviation; being lower than a given level is calculat-
"dfrornanon-centredStudent 'sdistr ibut ion' theparametersof
which depend on the number of available test resuits'
We have plotted the imposed lrl and the corresponding Ào deter-
mined foi 2 x 106 cycles. versus joint types and improvement
techniques for each class of yield strength' YS < 400' 400 < YS <
600, YS > 600 MPa (Fig. 6)' and the S-N curves for each type of
joint (Fig. 7).
From the S-N curves (Fig. 7)' we observe that:
- All curves are above the Eurocode 3 curves corresponding to
the as-welded joint' and exhibit a resistance increase due to
improvement techniques'
- The S-N curves of improved joints in high tensile steel (YS
> 400 MPa) are above or on those of improved joints in mild
steel.
- For cruciform and longitudinal joints' the hammer peenlng
gives the better results.
h 150
100
)U
2
200
Butt joint Cruciform Tjoint
DC
YS < 400 MPa
Cruciform Tjoint
DC
400 > YS > 600 MPa
Cruciform Tjoint
Dc
YS > 600 MPa
Longitudinal
F
Longitudinalç
Longitudinal
F
b1
d1
Butt jointÀ
Bun joint
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Table 3. As-welded results
IMPROVED WELDED JOINTS
Joint spe nb sr S^, (this study) S^* (Eurocode 3)
Butt joint
Cruciform
T joint
Longitudinal
100
91
66
18
136
1.24
140
85
30
28
28
9
86
73
91
68
3
3
3
3
92
81
98
68
90
71
7 r,90
63-90
Table 4. The as-welded S^, are similar to those of Eurocode 3, therefore
the comparison between improvement resul ts and those of
Eurocode 3 is justified.
For the butt joints, the experimental SRÀ is lower than that of
Eurocode 3, perhaps because the test specimens were indis-
aligned. This phenomenon is not negligible. For T joints, the test
value is nearer to 90 than 71 because the load of testing is bend-
ing and not tension. For the other joints, the So* values are the
same.
8. Conclusion
Joint Techniques
(((
JRL JRl JRL
m Re <,{00 Re > 400 (AW)
Butt joint TIG dressing
Shot peening
Hammer peening
'7
9
10
90180
195
205
225
Cruciform TIG dressing
Grinding
Shot peening
Hammer peening
m: slope of S-N curve
S^*. design stress range of improvement joints
So* (AW): Eurocode 3 design stress range of as-welded joints
- For butt joints, and the same steel (mild or high tensi le
strength) whatever the improvement may be, the results are
similar (the S-N curves merge).
The S-N curves versus the improvement techniques were plotted
in Fig. 8.
We observe that:
- for TIG dressing and shot peening, the S-N curves are differ-
ent according to the joint; the better results are achieved for
butt joints and the worse for longitudinal joints, according to
the code classification of as-welded joints;
- for hammer peening, the S-N curves of each joint are close;
- for grinding, a great difference exists between the results
according to the joint type.
7. Comparison between as-welded results and Eurocode 3
For each publication of improved results, as-welded results are
given as reference. These as-welded tests are analysed by the
same method of tests as improvement joints (Annex Z of the
Eurocode 3). A single class of yield strength are given because
the yield strength has no influence on S-N curve.
The slope of the S-N curve is imposed at 3, as in Eurocode 3, and
the results may be transformed in stress range at 2 x 106 cycles.
The analvsis orovides the results shown in Table 3.
7T
r25 71 90 This study collected literature data in the form of standard data
220 sheets (some 300 sheets), to analyse them stat ist ical ly and to
establish S-N curves.
105 63-7t-
t20 90 Four improvement techniques (grinding, TIG dressing, hammer
peening, shot peening) for four joinls (butt, T joints, crucijbrm,
and longitudinal joints) were taken into account in this study.
After a preliminary analysis, we selected joints with thickness
smalLer than 25 mm Ioaded in air, with a stress ratio R, between 0
and 0.1. Three classes of ,tield strength of base metal (YS < 400,
400 < YS < 600, YS > 600 MPa) were considered.
After a statistical analysis (linear regression of test results), we
have fixed the slopes of the S-N curves for each joint type and
improvement techniques whatever the yield strength may be. AII
these s/opes are greater than J. They were used to derive the
design stress range S"* (Eurocode 3 method) at 2 x 106 cycles. A/l
the S-N curves achieyed are nbove those of as-welded assem-
blies. The better results are obtained with hammer peening.
In summary, we achieve the results shown in Table 4.
The rather large increase in the fatigue strength, due to the use of
improvement techniques, can be explained by the occurrence of a
so-called initiation phase in addition to the crack propagation
phase. During the init iat ion phase, the extension of exist ing
"crack-like" defects is slowed down or even stopped. The dura-
t ion of this phase increases with the total fat igue l i fe (or the
decrease on the stress range). It explains the effect observed on
the slope of the S-N curves.
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1. Fatigue testing of welded components. Welding in the World,
Voi. 29, No. 9/10, doc. IIS/IIW X[I-1090-90.
2. Eurocode 1, Annex Z: Informative determination of design
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Example of data sheet
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Appendix 2 Part l: Continued
DlPRO\'ED \\ELDED JOL\-TS
Material
YS
(MPa) Improvement
Type
ofjoints
Thickness
(mm) Load
6
p-
o.u, Environment References
EH 36 360 Shallow bun grinding +
disc grinding
Toe grinding (bun) depth: 0.4
Cruciform
Cruciform
Cruciform
Cruciform
T
T
T
Cruciform
Cruciform
Cruciform
Cruciform
T
T
T
Tension
Tension
Tension
Tension
3-point bending
3-point bending
3-point bending
Tension
Tension
Tension
Tension
3-point bending
3-point bending
3-point bending
10
22
40
80
22
40
80
10
22
40
80
22
40
80
0.1
0
0
0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
Arr
Alr
Arr
Arr
Alr
Arr
Alr
A1r
Arr
Alr
Alr
5 l
51
51
51
51
51
51
51
51
51
51
51
51
5l
Local explosive treatment Butt welded t2 Bending I4
Fe 510D
or St 52-3
Arr
0.1
0.1
0.1
20
20
z0
z0
385 Multiple point peening
Simple point peening
Multiple point peening
Simple point peening
Longitudinal
(gusset 100 mm)
Longitudinal
(gusset 100 mm)
Longitudinal
(gusset 200 mm)
Longitudinal
(gusset 200 mm)
Tension
Tension
Tension
Tension
f1 l7
)  1 a1
2t-21
) 1 11
0.1
Hl5-3 810 Grinding Butt welded z0Au
HSLA 412 Bun grinding
Burr grinding
Hammer peening
(single point)
Hammer peening
(single point)
Hammer peening
(multiple points)
Hammer peening
(multiple points)
Longitudinal
Reinforcement
Longitudinal
Reinlorcement
Longitudinal
Reinfbrcement
20
20
20
Tension
Tension
Tension
Tension
Tension
Tension
0.1
0.1
0.1
0.1
0.1
0.1
Ar
A1r
Atr
Arr
Arr
o))
a))
ort
g ) ' )
a )')
20
20
20
HT 50 Ground
Ground
Ground
Ground
Butt welded
Butt welded
Butt welded
Butt welded
Tension
Tension
Tension
Tension
0
env. 0
0
0
Alr
Arr
Alr
390 12,1
20
3
3
38
38
HT 60 420 Ground Cruciform 25 Bending env. 0
HT 80 Cruciform
Butt welded
Butt welded
Butt welded
Tension
Bending
Bending
Tension
Tension
0
env. 0
env. 0
0.05
0.6
/6-) Ground
Ground (MMA weld)
Ground (submerged arc weld)
Ground
Ground
25
50
50
Arr
Arr
Alr
A1r
3
3
3
38
38
KE 36
(TMCP)
452- Ground
419 Ground
Ground (15 pass weld)
Ground (6 pass weld)
Cruciform
(width 50 mm)
Cruciform
(width 300 mm)
Cruciform
Cruciform
3-point bending
3-point bending
3-point bending
3-point bending
I2Arr
40
40
l2
t2
22
22
12
0
0
Arr
Alr
Loycon QT 725 Ground
Hammer
Cruciform
Cruciform
t2.5
t2;7
Tension
Tensile
0
0
Arr
Arr
1_1 r  1t  15
1) 1 '  15
sM58Q 556
Appendix 2. Continued on next page
Grinding (AO grun24
Grinding (@12) grain 24
Grinding (@6) eraln 60
Grinding (Q12) grain 60
Hammer peening (@3) 1 pass
Cruciform
Cruciform
Crucilorm
Cruciform
Cruciform
14
T4
\4
14
14
0
0
0
0
U
Tension
Tension
Tension
Tension
Tension
Arr
Alr
A1r
Alr
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Appendix 2 Part l: Continued
IMPROVED WELDED JOINTS
Material
YS
(MPa) Improvemenl
Type
ofjoinrs
Thickness
(mm) Load
D-
o.* Environment References
Statoil I A1r
A1r
Air
Arr
A1r
302 Toe grinding
Toe grinding + shot peening
Grind
Grind
Grind
T
T
T
T
T
30
30
30
100
160
l l
l l
t3
t3
t3
Bending 0.1
Bending 0.1
3-point bending 0.1
Cantilever bending 0.1
3-point bending 0.1
Superelso 70 685 Disc ground
Toe burr ground
Fu11y bun ground
Hammer peening 4 pass @I2
Cruciform
Cruciform
Cruciform
Cruciform
Tension
Tension
Tension
Tension
12.5
t2.5
t2.5
12.5
0
0
0
0
A1r
Air
Arr
Arr
3,6
3, 6-38
3,6
6, 18-38
Ti6A14V
titanium
Grinding weld plasma arc
Grinding weld electron beam
Butt welded
Butt welded
t2.7
t2.1
Tension
Tension
S. = 250 A3 sea water synt. 1'6
s. = 250 A3 16
References to Appendix 2Partl
1. Sub-Committee: "Improving the fatigue strength of welded joints by
various weld toe treatments": Methods of improving the fatigue strength
of welded joints by various toe treatments. Society of Steel Construction
ofJapan, IIW doc. XIII 1289-88.
2. A. Bignonnet: Improving the fatigue strength of welded steel struc-
tures. Sreel in Marine Structures, 1987, pp. 99 1 18.
3. G.S. Booth: Improving the fatigue strength of welded joints by grind-
ing. Techniques and benefits. Welding Institute Report No. 268/1985,
March 1985. IIW doc. XIII-1340-89.
4. G.S. Booth: Techniques for improving the corrosion fatigue strength of
piate weldedjoiîTs. Steel in Marine Structures,1987, pp. 141-151.
5. G. S. Booth: The fatigue life of ground or peened fillet welded steel
joints the effect of mean stress. Metal Construction, Yol. 13, No. 2, pp.
112-115,Feb.1981.
6. J.W Knight: Improving the fatigue strength of fillet welded joints by
grinding and peening. Welding Institute, 81197618, March 1976. IIW doc.
XII I  851-77.
7. B. Lian: The National Norwegian Research program on steels for off-
shore sfuctures. Steel in Marine Structures, 1981, pp. 19-21.
8. S.J. Maddox: Aspects of the improvement in fatigue strength of fillet
welds by peening. Welding Institute 26I/1985, Feb. 1985.
9. I.F.C. Smith, W.J. Muster, U. Bremen: Residual stresses and fatigue
strength improvement of welded connections. Paper l9 presented at
Conference "Effects offabrication related stresses", Sept. 1985.
10. A. Sys: Fatigue resistance of pressure vessels in high strength steel:
effect of some improvement techniques. WT CM-CRIF: MT 176, May
1989.
11. P.J. Haagensen, A. Dragen, T. Slind, O. Ojhasaeter: Prediction ofthe
improvement in fatigue life of welded joints due to grinding. TIG dress-
ing weld shape control and shot peening. Steel in Marine Structures,
1987, pp. 689-698.
12. K. Matsuoka, I. Takamashi, T. Yoshii, E. Fujii: Effect of residual
stress on fat igue strength of  non- load carry ing f i l let  welded jo ints.
We Idi n g Int e mat i o nal, YoL. 5, No. 1 2, pp. 93 6-9 43, I99 1.
13. O. Orjasaeter, A. Dragen, PJ. Haagensen, B. Lian, A. Gunleiksrud:
Effect of plate thickness on the fatigue properties of a low carbon micro-
alloyed steel. Steel in Marine Structure,1987, pp. 315-335.
14. S. Hristov, P. Petrov, S. Zvetanov: Reduction and redistribution ofthe
residual welding stresses through local explosive treatment, 1986.
15. I. Masumoto, M. Kutsuna, M. Hasegawa: The effect of laser remelting
weld toes on the fatigue strength of aluminium alloy 45083P-O welded
joinrs. Welding InternationûI, No. 11, 1989.
16. J.P Doucet, J. Guesnon, J. Charles: Corrosion fatigue behaviour of Ti-
6A1-4V for marine appl icat ion.  Proceedings of  the Internat ional
Conference on Tiranium, I  986.
17. A. Bignonnet:  Corrosion fat igue of  steel  in marine structures:  a
decade ofprogress. Steel in Marine Structures, 1987, p. 115.
18. S.J. Maddox: Improving the fatigue strength of welded joints by peen-
ing. Metal Construction, April 1985.
19. I. Masumoto, K. Matsuda, H. Iwata, M. Hasegawa: Effect of prestrain
and hammer peening on fatigue strength. lmprovement of mild steel welded
joint. Transactions of the Japan Welding Society, Vol. 15, No. 2, Oct. 1984.
20. H.J. Spies, K. Rôssler, M. Starcevic: Improving the fatigue limit of
butt welds in high tensile bainitic structural steel. Welding International,
No.4,  1987.
21. U. Bremen: Amélioration du comportement à 1a fatigue d'assem-
blages soudés. Etude et modélisation de l'effet de contraintes résiduelles.
Thèse no 787, Département de Génie Civil, Ecole Polytechnique Fédérale
de Lausanne, 1989.
22. U. Bremen, I .F.C. Smith,  W.J.  Muster:  Erhôhung der
Ermûdungsfestigkeit gechtweisster Verbindungen. Material und Technik,
No. 3,  1984.
23. H.P. Lieurade, J.C. Tourrade: Effet des traitements de parachèvement
sur ie comportement en fatigue des joints soudés bout à bout en aciet
HLES. Soudage et Techniques connexes, Nov, Déc. 1984.
24. G.S. Booth: The fatigue properties of plate welded joints of various
thicknesses. American Society ofMechanical Engineers, Vol. 3A, 1990.
25. S.J. Maddox: Improving the fatigue strength of welded joints. In
Fatigue Strength of Welded Structures, Ch. 5, 1991.
26. N. Gregory: Toe dressing. Connecl, p.5, Aug. 1990.
27. U. Bremen, I.F.C. Smith, M.A. Hirt: Crack growth behaviour in a
weld joint improved by residual stress methods. Paper 17, Proceedings of
Intemational Conference, April 1987.
28. P.J.  Ttbby: Fat igue Performance of  Repaired Tubular Joints
Containing WeId Repairs. Elsevier Science, 1990.
29. PJ. Tubby: Fatigue performance of repaired tubular joints. Report,
orM 89 307, 1989.
' I661'AWSY'8ur:aaut8ug slelrêlel^ l 'g- I I I  lo . 'EVhlO
166l 'sârnlonrts lêâls pêplâ,^.r.+o uorlenle^â ql8uerls ânBDeJ ro; uouâlur
lrêJJâ ssâuàclr{J :e,{og'1 'eqoleyq htr 'eprqce1,rl S 'elluloJ I 'l8e I lç
' t86 t
'qag ''d:o3 eqrqsol',{:oie:oqe1 Suuaeut8ug snle.ruddv ,{,teeg laels t5
-uI^l-J e ur slurol 11nq pâplâ^\ Vj^lC .tog uotlctpe:d âJIT ên8llec :qotl À '0ç
'9161 'purg uodder'retce sâqrrêqJâr âp Ilânrâd sgpnos slutof
sap an8Deg ap s9t9r.rdo:d sâp uollelollgruy :p:e8erg V'uotilIs a 6t
'çL6I 't oN'ç'1on Suruaad,(q siurol1ee1s pap1a,r,l
llnq Jo ql8uêrls en8rleg aq1 3ur,to:dur1 :,'\\ollog D C 'râul{lneC 'C J I 9t
JJW-916I'cop,^ô.il splâ,rô iêllrJ.{o11e runtuttu
-nle Jo ocueur:oled enSrlug aqt uo Surueed Jo â3uêngul :reêulod { I çt
'ç861'^oN LZ'hl IJAl 'sI- I
-NgS'âtureruoJg:4 ep eSelpeuerD el rns âleuolisN e9u:nofeug6 sgpnos
se8elqurasse sap en3r1E uê ênuâl e1 rns a8:eqc:ns ap ie luarua,tqqoe:ed ap
stuâruâlrerl sêp âJuênUuI :lBMrg hl 'qs,trefez:puy V rlouâ^eld J I €t
'186I 'ueprâlsuv 'â3uêIcS JêI^âslg 'sluloI paplaltl alDld Jo
qlSuaag an74og uotsottoS aql Sur,totdutl tol sanbruqtal:qtoog S C Zt
'  8L6 t '  88-gt 'dd'9ru af  S 6IJSV' legâle14tr  pâplêlû
;o Surtsel enSrleg slrelap pêp[â,^.r-1âllIJ tunrseu8eul-rurz-lunlultunle
roJ spoqtâLu luerue.to.ldurt eJrI âlqlssod Jo uoDenl?^A ::euddaog 1y\. C It
'79 en8qeg 'suorl3êuuoJ pâplâ,4d Jo iuêru
-ano.rdurr pue ploqsêrql en8rteC :iltH V'l\l 'ueruârg n'qlluls lgl 0t
'066I 
.{eI l 0l-L 'âJuârâJuo3,{8o1ouqce1
âroqsJJO Ipnuuv puZZ eql le paluase:d sluiofrelnqnl uI s{ceJJ an3r1e3 ro;
enbruqcel rmdar e1qet.t e SurpuuS lupêtuêà :ap1.{16 '9 1 ',{qqnt fA 0f
'trg6 1 erqruetdas n\oe 'sDilraç nDarng np anbruqtal
uuailng sgpnôs stutol sep en34e; e1 Q ênuê] el Jns êJnpnos êp suopJos
sap pard np uolleJolTgrrre.p sluâruâller sap âJUânUuI :lauuou8rg y gg
'9161 '6:eded
'JeunuàS q:reâsêd slâels âJoqsJJO ueedorng Jê1e'^À Bês ur peru:o;red
slurof 1ea1s pâplâÀ\ uo $sel an8tleJ epnlldtle luelsuoJ :qloog S C tg
'çL6I 'Eg 'd ' t 'oN 'ç ' loL' IDuottDLLtaruT qunasay Surpla \ ' leà$ ut  s lurol
pêploiÀ JoJ elep en8rle; 3o sts,{1eue-e: V :xoppelN '1 5 ',{eurng d; '9€
'69lZIlçyZJ 's1ea15 rp8ue45 qStg pap1e16 1o e:rueuro;râd
an8rleC lsoc JIâqt Jo âlerullsâ ue pue sâlnlcnlls pêplâ,^À 1o qlSuers
ânSrteJ eql 3ut,Lo:drut :o1 senbtuqcel ;o ,{:euuns V :uoslrleH ç1 I ç€
'996 L 
^oN 
'lDu)noî 3utp1a,14 4suttg'slurof pep1a,r,r
Jo qt8uêrts en3r1e3 eqt 8ut,r.o:durt:o3 sanbtuqlel lâqung :uoslrleH'C I t€
' 896 1' râ(I' louin o [ 3 ut p1 a,14 tls u tt g luto l pap1e,'t 1e11t3
Jo qtSuâlls an8rle; aqt uo Surpur:8 pue Suruaad ;o lcegg :Âeu:ng 51 Eg
.89/L/çIZJ .slââls
qlÊuârrs q31g pep1e11 Jo âcueurro;râd en8qeg sleels ql8uârls qBIq pâ
-plâ,lÀ Jo qlSue:ls an8rle; eql 3ut,to:dtut ro; sanbruqcel :uoslJeH 'CI { Zt
0LlgIlçIZJ 's1ee15 ql3uel5 q8rg pap1e161o ecueru:oya4 en8tleg
'luarue,rordurr stl JoJ spoqlêu pue slâêls qlSuârs q8rq ur stutof pepla,t
Jo qlSuârrs en8neS aq1 :uosureH q'1 're8pog HA 'uosul{lelû C It
.186I II]dV
'âJueJâJuoJ Fuoqetuêtul;o s8urpaeco:4 '19 rede4 Surpur:3 ,{q pe,r.orue:
s{Jerc âol qtl.,\\ splê,t\ lêtllJ Jo anSrleg :llo.t\seH I 'êplf^\ 9 I 0E
SJNIOI CAC]A, 
^. 
CIEAOddhtrI
256
Appendix 2Part2: Improvement technique: TIG (Tirngsten Inert Gas)
Tlpe of joint: Butt joint
IMPROVED WELDED JOINTS
YS (MPa) Material
Thickness
(mm) Load
D.
o.* Environment Conditions Reference
ArrT2233 4E235 4-pornt bending Manual
Auto
2
2
382 12.1
20
A1r
Arr
25,46
25,46
HT5OA
HT5OB
Tension
Tension
0
0
385 PN72/484018 l2 -1
-o.5
-o.3
A1r
Atr
LJ
LJ
23
Tension
Standard welding
Controlled weld
399 48355 0
0
t2
8
4-point bending
Tension
Arr
Arr
Manual
Auto
Manual
2
2
2
550 0.1F490 Tension 13,74
3,28,36
62629 St5lV Tension
169 St 70V 15 Tension 0
-1
A1r
Arr
OL
62
824 HT8OA 25 Tension o.r'8 25,46
25,46
25,46
25,46
Arr 5 kJ/cm
15 kJ/cm
l5 kJ/cm + 200"C
25 kJ/cm + 200'C
878 St 9OV OL15 Tension
Tlpe ofjoint: Overlap
YS (MPa) Matedal
Thickness
(mm.) Load
Onin
D_
a Fnrr i rnnmont Conditions Ref'erence
226 s1312 t0 Tension o.;" = 14
o-i" = 83
Alr
Alr
465 DOMEX4OO t0 Tension o.n = 14
o^a = 124
Arr
Arr
1+
/41 Arr0.1HLSA 20 Tension 53
))  s1
796 ox802 10 Tension o.* = 14
c = )15
Arr
A1r
7+
JIV
JIlJ
JIV
JIV
çg
ç€
çt
9E
t-utut=QPIqV\
ururt=Qplâlô
ulru 9'I = Ô plâ^\
Lûu9I=Oplqt
AV
66'0= I
I_
AV
660=I
I- uorsuâJ hir09ça
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,r 'çr JIV I0 Surpuaq lurod-y OI 0699 çLL
OI
TV
w
JIV
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I0
I0
Surpueq lurod-g
Surpueq lurod-7 tçL
t '0 Surpueq lurod-7 069!I 901
âpoqleJ +.râle^\ eâs
JIV I0 Surpuaq lurod-g 0tç
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258 IMPROVED WELDED JOINTS
Appendix 2 Part 2t Continued
Improvement techniques: TIG dressing (Thngsten Inert Gas)
Type ofjoint: Cruciform joint
YS (MPa) Material
Thickness
(mm) Load
oan
D-
Environment Conditions Reference
A1r0. t100 5086H1 11 Tension With chamfer
With chamfer
1r 1)
31.92
52Af0.3250 AS 1 204 z) Tension
Alr1<À 1'8235 Tension Auto
Manual
Auto
Manual
4, 5, 38
4,9,38
4,9,38
4 5 l5
0
- i
345 8S4360-50D Tension
4-point bending
25
38
0
0
Air
Alr
t6
t6
312 8S4360-50D 30 Cantilever bending A1r
Sea water
9
9
Jtt  / AE355 Tension Auto
Manual
Auto
Manual
4, 5, 38
4,9.38
4, 5, 38
4,9,38
A1I
Alr
0
- l
I4423 SM4lB Tension om"= 18 Arr
Sea water
t2
t2
A1I
A1T
).4549 SM58Q Tension 0
o.,^= o'
37
3l
Alr16559 SM58Q Tension WeldQ=2mm
WeldO=2.6mm
WeldO=3.2mm
6l
6t
61
33A1rt3726 HT8OC Tension o-n= 18
164 30HT8O Cantilever bending A1t
Sea water
+ cathode
9
9
9
ozAlrt )169 St 70V Tension
t0E690]'.l5 Tension 0.1 Arr
With chamfer
With chamfer
15,44
44
44
t6HTSOB814 Tension om"= 18 Auto
d= 10mm
d=15mm
d=5mm
d=0mm
d=25mm
33
33
33
-)-l
33
A1r
880 KF23M14B Bending LOAir0.1
Tlpe of joints: Lap-joint
YS (MPa) Material
Thickness
(mm, Conditions ReferenceLoad
6
D_
^ 
En' i r^nnêht '
628 E56OTM Tension -1 1.4 kJ/mm
1 kJ/mm
0.7 kJ/mm
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35
35
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Appendix 2 Part 2: Continued
Improvement technique: Shot peening
Tlpe of joint: Cruciform joint
IMPROVED WELDED JOINTS
YS (MPa) Material
Thickness
(mm) Load
D_
o-* Environment Conditions Reference
0.1100 5086H111 Tension Without chamfer 31,32
glass ball
Ceramic bal l  31,32
Steel  bal l  31,32
With chamfer glass ball 31, 32
Ceramic ball 31,32
Steel  bal l  31,32
250 Mild material Tension Weld Q = 0.5-1
0.012-0.016 A
0.016-0.02 A
51
51
t1
LOL 8S4360-434 t2.5 Tension A1r 57, 58
345 BS4360-50D 38 Cantilever bending Air 0.016-0.02 A
0.024-0.028 A
Sea water
Sea water + cathode
+J
+)
+i
18Arr0.130360 836-4 Tension
373 8S4360-508 t3 Tension A1r MiG Q = 0.6
0.012-0.016 A
Alr380 8S4360-50B l3 Tension MMA Q = 0.8
0.012-0.016 A
390 8S4360-50B Tension -1
0
0.5
Atr
Arr
51
51
51
392 8S4360-508 12.5 Tension 57,58
396 8S4360-508 13 Tension MMAO=06
0.012-0.016 A
MMAo=i
0.015-0.019 A
39'7 8S4360-508 13 Tension MMAO=06
0.012 0.016 A
MMA0=08
0.024 {.028 A
400 BS4360-50B 13 Tension MIG Q = ç.6
0.012-0.016 A
MIG Q = 0.8
0.012-o.016 A
6
6
'769 l5Sr 70V Tension Alr 62
'775 10E690 Tension 0.1 15,44
824 RQT700 13 Tension
Tlpe of joint: Lap-joint
Thickness
(mm)
D_
Omln
^ 
E-r / i r^nmênfYS (MPa) Material Load Reference
409 836 4-point bending 0.1
Conditions
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Appendix 3
Analysis of results by linear regression in 1og-1og
log N= - m.log Ào + iog C
l,lz: slope
Mean curves
I mp rov ement te c hnique : Grindin g
C: constant
Âo:forN=2x106cycles
Bufi joint (A) T joint (C) Crucifom 1D1 Longitudinal (F)
Slope Constant Slope Constant Slope Constf,nl Slope Constant
0<R<0.1 Re < 500 Tension 1.16
Bending
22.75 198.,13 11.22
3.98
30. '77 151.23
14.11 129.23
8.37 24.79
,1.56 16.14
15.62 t19.91161.85
167 .19
4.28
R= I Re < 500 Tension
Bending
6.46 20.96 185.24
R = 0.3 0.5 Re < 500 Tension
Bending
18.82 132.71
Improvement technique : TIG dressing
Burt joinr (A) T joint (C) Crucitbm (D) Longitudinal (F)
Slope Constatrl Slope Constant Slope Constf,nl Slope Constanl
0<R<0.1
R=1
Re < 500 Tension I 1.28
Bending 13.87
Re > 500 Tension 6.22
Bending
34.09 290.36
41.,10 338.9
21.43 269.11
12.85 37.36 260.51
3.98 15.1 6 161 .13
,+.58 r7 .25 215.84
4.86 18 2.s5.79
t3.24 t34.963.26
1.76 16.84 162.51
3.65 14.78 208.18
Re < 500 Tension
Bending
Re > 500 Tension
Bending
13.4 250.5
19.06 178.87
15.07 44.51 3,15.786.92
5.66 5.67 r8.32 t32
R = 0.1-0.5 Re < 500 Tension
Bending
5.12 18.69 145.98
R = 0.3-0.5 Re < 500 Tension
Bending
41.03 106.39 215.11
I mp rov ement t e c hnique : S ho t p e enin g
Butt joinr (A) T joint (C) Crucifom (D) Longitudinal (F)
Slope Constenl Slope Constânl Slope Constant Slope Constant
0<R<0.1 Re < 500 Tension 92.12
Bending
Re > 500 Tension 9.23
Bending
716.09 189.3
29.43 319.83
10.13
29.25 222.31 5.03
1.Q'7
26.23 258.67
4.64 15.95 1t9.1
4.94 17.01 147.29
29.64 20t. t ]
11.67 181.39
23.t3 239.38
9.11
8.26
Re < 500 Tension
Bending
1,t.61 34.32 255.21
R = 0.3 0.5
4.91 17.83 223.1,2
16.45 132.83Re < 500 Tension
Bending
zç 2 067, z9 r rçr
t8t  9092 LSZr 8 '
L 'ZV L'861 
'E'EE)z 919r Z6E
ç6E 6892 6t9
t8ç zçzE 9çl
009 < êd
009>êu>00t
00t > êàSZ
9çr
oV âdoIS oV edols oV edols u oV edols
({) IPurpntrAuo'l (o) uroJrrruJ (J) turofJ (V) lurof nng
Suts s atp gIJ : anbruqJat ruaruatoJdtul
96 8601 98t L
7,62 t  09I  LLN çV
6' ,n I t0€ ,69
tçr zç8r 98ç
z6t 802 Lrz
009 < eà
009>âu>00t
00t > âu
L
97
6 E'88 E' IçI  ZZ' I I 81 t861 9IL6t
oV edol5 oV adol5 oV êdols u oV adolg
(C) IEurpnlrBuo-l (C) uolrrruJ (J) turolJ (V) lulol l lng
3 utputtg : anbtuq t a 1 luaua 
^ot 
dwl
Lqr z8çz 89ç i
L0 €08t ,17,  i
çL 6ç72 9I8 I I r '9r  6 6tz 8E 8 ol Lrr  6777 çt_ 0I
009 < âu
009>êu>00t
00t > eu
oV edolg oV edolg oV adolg u oV edol5
(C) IEurpûr8uo'I (Q) UOJIJUJ (J) tutoi J (y) tutotlng
'(edl/{) uolleI^ep prepuEts Jo uoltElrrltso :s
(e4trrq) se1c,(c sgl x Z =rVroJ :gV
êdols :ul
sueurceds pâlleJJo râqurnu :u
3 3o1 + oV 3ol.1a- = ry 3o1
Sutuaad nwwoH : anbruq)a] ruaualoldu,q
sa^JnJ UBaIN
:3ol*3ol uI
'sllnsêJ eql Jo sê^Jn3 edolâ^uê JoueJur Jo uorlellll]se luslJrdlua 'z
'3o1-3o1 ur uorssorSer reeul1 .{q stlnsêr Jo slsfleuv 'I
I'0 pue 0 uêê^\]eq u 13 (Surpueq ro uolsuâ])
uorlrpuoc p€ol qlr,4 urul çz > I ssêu{f,rql Jo slulol uo 'JIe uI lseJ
t xQuaddv
çç 9tr 9847 ,9 1
Surpueg
uorsuêJ 00ç>êd ç.0 €0=y
LgIt  t8 6Z L/O v6 Lrr  88 81 619
âurpuag
uorsuel 00ç > 3È
tz 8çz
,L'I8I
88ç
Surpueg
uorsuêJ
Êurpuag
uorsuêJ
00ç < êÈ
00ç > ât I0>u>0
89ç
88 1
t tçtz 9E0z
98ZZZ Eç tE tL]r
luetsuoJ edolg gV luetsuoJ edolg tu€tsuoJ edolg oV tuetsuoJ edolg
(y) lutof 1ng(C) lEurpntÉuo.l (q) uoJrJruJ (J) lurot J
SJNIOT CAC']A,AA, CAAOàdhII
3 utua a d t atuu,ro H : anb ruq ) a ! luarua loJ dlul
266
Improvement lechnique : Shot peening
IMPROVED WELDED JOINTS
Buu joinr (A) IJoint  (C) Crucifom (D1 Longitudinal (F)
Slope 
^o
Slope 
^o
Slope 
^o
Re < 400
400<Re<600
Re > 600
1.1.05 342.5
10.7 330.5
8
99
26
18
28.7 30
52.7
9.35 21't .1 33.1
66
33
9.16 19,1.  I  28.0
8.78 227 .1 39.5
1.64 119.1 14.3
1.94 111.3 13.8
Inferior envelope curves
Improvement lechnique : Hammer peening
Butt joint (A) T jo int  (C) Crucifbrm (D) Longitudinal (F)
Slope
^o
SIope
^o
Slope Slope
Re < 400
400<Re<600
Re > 600
2126.9215191876.130 6.3 11
Improve ment | ((hn ique : G ri nd i n g
Butt joint (A) T jo int  (C) Cruciform (D; Longitudinal (F)
Slope
^o
Slope AO Slope Ao Slope
^o
Re < 400
400<Re<600
Re > 600
/a
'7 '7
133.51820r30 ai 9
25
1
7.7
11
5.8
149
139
278
1
122
90
Improvement technique : TIG dressing
Butt joint (A) T jo int  (C) Cruciform (D) Longitudinal (F)
Slope
^o ^o
SlopeSlope Slope AO
Re < 400
400<Re<600
Re > 600
3.9 1 84
65
156
/)
a1
129
119
48
154
128
252
4.1
/1
3.1
3.2
Improvement lechnique : Shot peening
Butt joint (A) T jo int  (C) Cruciform (D) Longitudinal (F)
Slope
^o
Slope Ao Slope
^o
Slope
Re < 400
400<Re<600
Re > 600
5.3 240
o zl /
8
99
26393
18 1.4 128
66
33
4 142
l . t  t73
30 7.1 236
